Introduction antibody and the cell types. Subsequent attempts to suppress kinesin by introduction of extrinsic molecules, Kinesin superfamily proteins are the molecular motors such as antibodies (Hollenbeck and Swanson, 1990 ; Lipacting in the microtubule-based motilities of organelles pincott- Rodriguez et al., 1996) , in eukaryotic cells. More than 30 members of murine antisense RNA (Feiguin et al., 1994) , and an expression kinesin superfamily proteins (KIFs) have been identified vector of rigor kinesin (Nakata and , have so far (Aizawa et al., 1992; Goldstein, 1993; been mainly effective on lysosomes. In contrast, no sig-1993 , 1998 Nakagawa et al., 1997; Yang et al., 1997) .
nificant specific effect was observed on mitochondria All of them share the common kinesin motor domain using any of these, a C. elegans mutant unc-116 (Patel that converts the chemical energy of ATP into a motile et al., 1993), or Drosophila melanogaster khc mutants force along microtubules in one fixed direction. Among (Saxton et al., 1991; Gho et al., 1992; Hurd et al., 1996 ; them, kinesin heavy chain (KHC) was identified originally Hurd and Saxton, 1997) , though biochemical evidence (Vale et al., 1985; Brady, 1985) , which has a microtubule (Leopold et al., 1992; Jellali et al., 1994; Elluru et al., 1995) plus end-directed motor domain in its N terminus porhas suggested association of kinesin with mitochondria. tion so that it is believed to contribute in the motility
To give an explanation for such a complicated and of organelles toward the cell periphery in general. A immature situation of kinesin biology, we intended to conventional kinesin is composed of two similar KHCs disrupt a mouse ubiquitous-type KHC, kif5B, by homoloand two similar kinesin light chains (KLCs), and it binds gous recombination and analyzed its functional signifidirectly to microtubules as revealed by electronmicroscance with a reliable suppression system. KIF5B-deficopy analyses (Hirokawa et al., 1989; Scholey et al., cient embryos turned out to be embryonic lethal, which 1989). Although Caenorhabditis elegans (Patel et al., gave an aberrant developmental patterning in the meso-1993), squid (Kosik et al., 1990) , sea urchin (Wright et derm and the neuroectoderm as described elsewhere al., 1991), and the fruit fly (Yang et al., 1988 ) have a (Tanaka et al., unpublished data) . Primary culture of the null mutant extraembryonic cells exhibited striking phesingle conventional KHC gene, KHC has diverged into notypes of mitochondrial and lysosomal distribution. a neuron-specific form and a ubiquitous form in verteSubsequent cell fractionation analyses revealed the asbrates (Kato, 1991; Navone et al., 1992; Gudkov et al., sociation of KIF5B with mitochondria, suggesting a significant contribution of this molecule in mitochondrial transport of some nonneuronal cells. Note that the exon P was skipped to result in a stop codon just after the junctional region.
(E) Immunoblotting analysis against KIF5B (lanes 1-3) and the corresponding protein staining (lanes 4-6). Lanes 1 and 4, control embryo; lanes 2 and 5, control extraembryonic membrane; lanes 3 and 6, whole crude extract of a homozygous mutant. Note the absence of KIF5B band in lane 3, where total protein was applied of an amount approximately three times higher than in the control lanes. (F) The survival curve. Embryos were produced by heterozygous intercrosses and genotyped by PCR. Percentages of each genotype in all examined living embryos at each developmental stage were plotted together. (G) Scattered plot of the crown-rump lengths of 133 embryos at 9.5 dpc together with an assessment of turning. Note that the null mutants were unturned and significantly smaller than the controls (*, p Ͻ 0.0001 by Wilcoxon's rank sum test), while the difference between the two controls was not significant.
Results
for control embryos and the extraembryonic membrane and no bands for the kif5B Ϫ/Ϫ mutant extract ( Figure 1E ). The morphology of 17 litters at 9.5 dpc showed severe Targeted Disruption of the kif5B Gene Resulted in an Embryonic Lethality growth retardation in the null mutants. Figure 1G shows a scattered plot of crown-rump lengths (CRLs; Brown, Mouse kif5B gene was disrupted by homologous recombination in ES cells. As shown in Figure 1A , a genomic 1990) of 133 viable embryos. The average CRLs were 2.8 Ϯ 0.8 mm (mean Ϯ SD; kif5B ϩ/ϩ , n ϭ 37), 2.6 Ϯ 0.7 region encoding the ATP-binding motif P loop was disrupted, and mouse strains derived from two indepenmm (kif5B
, n ϭ 65), and 1.5 Ϯ 0.4 mm (kif5B Ϫ/Ϫ , n ϭ 31), showing significant size reduction in the null mudent ES clones ( Figure 1B) were served equally for analyses. The heterozygous offspring of the chimera were tants to approximately 50% less than the wild-type and heterozygous control littermates. All of the observed viable and fertile, while the homozygotes showed a midgestation lethality between 9.5-11.5 days postcoitum null mutants were unturned ( Figure 1G ), reflecting the developmental retardation. (dpc; Figures 1C and 1F) .
Complete suppression of the KIF5B expression was verified by RT-PCR and immunoblotting. An RT-PCR amplification of the mutant RNA revealed some readEstablishment of a Primary Culture of Extraembryonic Membrane through message just skipping 74 bp of the disrupted P-loop exon, resulting in a stop codon just after the To assess the phenotypes at a cellular level, a primary culture of the visceral yolk sac was established at 9.5 junctional region ( Figure 1D ). Immunoblotting against a specific epitope in the C terminus of KIF5B (Kanai et dpc. This extraembryonic membrane expresses a considerable amount of KIF5B ( Figure 1E ). The culture was al., unpublished data) displayed a single band of 120 kDa easy to handle and highly homogeneous, and no materand stretched out along microtubules, nocodazoletreated mutant mitochondria were located in random nal genotype was detected as checked (data not shown).
directions and curtailed like worms, suggesting that It could be maintained for over 1 week without dividing, there was no longer anchoring cytoskeleton for them with the fried-egg like cytoplasm flattening out. The miand that mitochondria had diffused throughout the cytocrotubules were evenly distributed throughout the cytoplasm during this incubation time. These data indicate plasm during the first few days, followed by the developthat the mitochondria are anchored to microtubules ment of a wheel-like organization. They gradually localized even without KIF5B. As other microtubule motors and to a limited portion, forming a rim and spokes as typically some of the non-motor microtubule-associated prorepresented on the left cell in Figure 2B . We took advanteins can be also associated with the mitochondria, it tage of this flat cellular morphology to quantitate the is natural that kinesin is not the sole anchoring protein organelle distribution.
of mitochondria onto microtubules.
Mitochondria Clustered Perinuclearly
The Mitochondrial Phenotype Was Rescued in KIF5B-Deficient Cells by KIF5B Expression The most striking phenotype was an abnormal mitoTo exclude the possibility that the mitochondrial phenochondrial distribution. Our initial AVEC-DIC observation type was an artifactual effect of gene targeting, we perrevealed that rapid movement of smaller vesicles was formed a rescue experiment. An expression vector of similarly observed in both the null mutant and the control KIF5B ( Figure 3A ) was directly microinjected into the culture, while few long tubular organelles, mostly mitonuclei of kif5B Ϫ/Ϫ cells, which were assessed after incuchondria, were seen in the peripheral region of the null bation for 24 hr. Some of the injected cells brightly exhibmutant cells (data not shown). Then the cultured cells ited diffuse cytoplasmic staining of KIF5B ( Figure 3B ), were doublelabeled for mitochondria and microtubules being concurrent with our previous results (Nakata and (Figure 2 ). In the control cells, mitochondria were distrib- . Expectedly, all the cells labeled brightuted throughout the cytoplasm along microtubules. Inly with KIF5B (n ϭ 15) demonstrated an apparent disperterestingly, they were almost completely absent from sion of mitochondria ( Figures 3B and 3D ). As a negative the periphery of the null mutant cells ( Figures 2D and control, we injected only a marker fluorescent dye to 2F), while the distribution of microtubules showed no exclude an injection artifact ( Figures 3C and 3E ). This apparent abnormality ( Figure 2B ), assuring that this mirescue experiment defines the depletion of KIF5B as the tochondrial clustering was not due to the absence of exact cause of the mitochondrial clustering phenotype. microtubules in the cell periphery.
This perinuclear clustering of mitochondria was furMitochondria Is One of the Major Organelles Associating KIF5B ther analyzed in a more quantitative manner by comparWe then examined the association of KIF5B with mitoing the mitochondrial area with the overall cell area. As chondria by subcellular fractionation of wild-type tisshown in Figure 2G , these two areas were proportional sues. We first performed a differential centrifugation of (R ϭ 0.90 in the null mutant and R ϭ 0.94 in the control, decapitated embryos together with extraembryonic memwith a linear regression), so that the slopes of these brane. As shown in Figure 4A , obtained heavy and light regression lines represent a relative index of the mitomitochondrial fractions and the microsomal fraction conchondrial region. It was 0.26 in the null mutants (n ϭ tained 7%, 4%, and 20%, respectively, of total KIF5B 18) and 0.81 in the controls (n ϭ 20), which exhibits a protein. We further concentrated the mitochondria by a significant reduction by the disruption (p Ͻ 0.0001; t sucrose step density gradient centrifugation followed test). These results quantitatively indicate that the mitoby pelleting ( Figure 4B ). Immunoblotting against a mitochondria were abnormally packed to a limited area of chondrial marker, cytochrome oxidase I (COX I), and the null mutant cells.
against KIF5B collectively indicates that there were more than 90% of total mitochondria and approximately Mitochondria Were Anchored to Microtubules 10% of total KIF5B copurified.
Even in the Absence of KIF5B
This association was further verified by a floatation We further assessed whether the mitochondria are anassay of the P2 fraction. From a standard adult liver prepchored to the microtubule cytoskeleton in the mutant aration shown in Figure 4C , KIF5B was cofractionated cells. A higher magnification view of the double-stained exactly as the same position as mitochondria. We also mutant cells showed that mitochondria exactly localized checked the distribution of a peroxisomal marker, cataalong the microtubules ( Figure 2H ). This colocalization lase, which made a distinct peak in heavier fractions was further confirmed with an electronmicroscopy obthan that of mitochondria as expected. Furthermore, servation of the mutant cells ( Figure 2I ). To examine even heterogeneous embryonic preparation supported whether these microtubules are functionally anchoring that the mitochondrial fractions ( Figure 4E ) surely conmitochondria, we treated the mutant cells with a microtained KIF5B ( Figure 4D ). These data support the associtubule depolymerizing drug, nocodazole. After incubaation of KIF5B with mitochondria both in the adult and tion for 18 hr, the microtubules were almost completely embryonic nonneuronal tissues. depolymerized ( Figure 2K ), and the mitochondria were actually released from the perinuclear region to be dis-KIF5B Is Also Essential for the Dispersion persed throughout the cytoplasm ( Figures 2J and 2L) .
of Lysosomes Although untreated normal control mitochondria shown Our previous study (Nakata showed that an expression of rigor neuronal kinesin mutant in Figure 2C were beautifully arranged in a radial array caused an abnormal lysosomal motility, which in turn then observed the retrograde membrane transport of a medial Golgi marker, CTR433 (Jasmin et al., 1989) , after encouraged us to examine it. Lysosomes labeled with an anti-LAMP-2 antibody appeared to be more clustered a brefeldin A (BFA) treatment ( Figures 6C and 6D ). Interestingly, a milder treatment revealed a tubulation of in the null mutant cells even in the steady state, while we further examined the conventional pH-induced motility Golgi even in the null mutant cells ( Figure 6C , arrowhead), suggesting that sufficient specific centifugal mocourse (Heuser, 1989) to separately analyze the centrifugal and centripetal motilities.
tor activity is still remaining. The further treatment resulted in an apparently normal redistribution into an ER Initial clustering of lysosomes facilitated by the alkaline Ringer's solution occurred similarly in the control pattern ( Figure 6D ). Similar staining patterns to Figures 6A-6D were obtained in the wild-type cells (data not and null mutant cultures (Figures 5A and 5B), resulting in approximately 70% of both cell types possessing shown). We also checked that the cis-Golgi cisternae labeled by an anti-GM130 antibody could break down to centered lysosomes. This was reasonable by considering the polarity of kinesin motility. In contrast, subsethe ER-Golgi intermediate compartment (ERGIC), which did not show any remarkable differences. In summary, quent acidification caused the dispersion of lysosomes only in the control culture ( Figures 5C and 5D ). Lyso-KIF5B-deficient extraembryonic cells did not reveal any significant phenotypes so far as in the Golgi-to-ER some-centered cells were 63% of the mutant and 20% of the control, respectively, showing a significant differtraffic. ence (p Ͻ 0.0001; t test), which supports the idea that KIF5B is also responsible for the centrifugal motility of Other Conventional KHCs Were Slightly Up-Regulated by the Disruption lysosomes in these cells.
Finally, the effect of the disruption on the transcription of other KIFs was estimated by a comparative RT-PCR at KIF5B Is Not Essential for Brefeldin A-Induced Breakdown of the Golgi Apparatus the extraembryonic membranes, standarized by ␤-actin ( Figure 7A ). Although the level of KIF1B mRNA was not The Golgi-to-ER retrograde membrane traffic is another centrifugal membrane tranport where the involvement changed by the disruption (Figure 7B ), other neuronal conventional KHCs, KIF5A and KIF5C, were up-reguof kinesin is still contradictory (Feiguin et al., 1994; Lippincott-Schwartz et al., 1995; lated over 10-fold ( Figures 7C and 7D) . Indeed, the induced levels were far lower than those of brain so that 1995). The ER and the Golgi morphology was not apparently affected by our disruption (Figures 6A and 6B ). We it might be insufficient for compensating KIF5B. These In the layer applied the starting material (50%), some signal was detected from the remaining population that may represent the aggregated mitochondria during the pelleting to recover the crude mitochondrial fraction. (D) Embryonic mitochondria floatation analysis. Although the mitochondrial peak was broader than (C), KIF5B was exactly copurified to it. (E) Electronmicrograph of a mitochondrial pellet prepared from the KIF5B peak fractions indicated by a bracket in (D). Bar, 200 nm.
KHC proteins could contribute to an occasional mito-HD has been proven to cross-react with several members of the kinesin superfamily proteins (Wright et al., chondrial dispersion observed in long-term cultured mutant cells, together with a nonspecific inactivation of 1993). Furthermore, in khc mutant fly neurons, an organelle jam was reported in the axons (Hurd et al., 1996) , minus end-directed motor(s) due to the loss of cell viability.
where the identity of cargo organelles was not specified. In our case, the mitochondrial phenotype could be assumed as a specific consequence of the KIF5B disDiscussion ruption from the following reasons. First, the gene targeting followed by a rescue experiment assures the A New Essential Role of KIF5B in Mitochondrial Motility Was Proposed specificity of the eliminated molecule, compared to the heterogeneous epitopes of the antibody blockade studAlthough a bunch of reports on conventional kinesin have appeared in the past decade, this is one of the ies (Elluru et al., 1995; Lin et al., 1996) . The antibody blockade studies also had a common difficulty in that first specifications of its physiological significance in the mitochondrial motility of higher eukaryotes. The lyantibody molecules should block the organelle motility where they first meet the kinesin epitope. Since steadysosomal phenotype concurs well with former KHC inhibition studies (Hollenbeck and Swanson, 1990; Feiguin state distribution of mitochondria is more dispersed than that of lysosomes ( Figure 2E ), possible blockade et al., 1994; Nakata and Rodriguez et al., 1996) , while a mitochondrial phenotype in an antibody of mitochondrial motility may give a less striking change in its distribution in fixed cells. This scenario can also blockade study by Rodionov et al. (1993) could not be considered as the specific consequence of the eliminabe applied to our previous rigor KHC expression study . Second, a nonspecific tion of conventional KHC, because the applied antibody Dilution chains of the cDNA prepared from the null mutant extraembryonic membranes (Mutant), the control littermate extraembryonic membranes (Control), adult heart (Heart), and adult brain (Brain) were amplified by the primers indicated. As a negative control, a sample was treated simultaneously without reverse transcriptase (w/o RTase). al. (1995) also reported indirect evidence that the speed of one of the two different kinds of KHCs is parallel to that of mitochondria in rat visual systems, so it is quite natural to assume that the associated KIF5B protein is organelle jam is quite unlikely in our extraembryonic cells with much wider organelle channels. Actually, the a functional motor for mitochondria, rather than that the phenotype is secondary to the disruption. ER and Golgi distribution, the Golgi-to-ER traffic ( Figure  6 ), and the smaller vesicular movements in AVEC-DIC observations (data not shown) were apparently normal
The Mitochondrial Phenotype Was Not Masked by a Functional Redundancy in the null mutant cells. Finally, our preliminary data suggest that the mitochondrial distribution was not af-A synergistic relationship between multiple kinesin superfamily proteins associated with the same cargo has fected in KIF3B-deficient extraembryonic cells (Nonaka CACGGTGAT-3Ј and 5Ј-CCTCCATCGTGTGGGTCTT-3Ј encoding the P loop. The resulting three independent clones were transferred pending on the state of the opposing motor activity. In into pBluescriptII SK(ϩ) and carefully mapped with restriction enthe mutant extraembryonic cells, the mitochonria cluszymes. Two independent fragments were subjected to cytogenetic tered perinuclearly despite the expression of KIF1B (Figmapping to determine their loci on 13A2-A3 as previously described ure 7B), suggesting that KIF1B was not sufficient by (Nakagawa et al., 1997) . Exon-intron structure was also determined itself. Our previous KIF1B paper (Nangaku et al., 1994) using partial sequencing. Targeting vectors were constructed using did not exclude the existence of synergistic mitochonrial these genomic clones, pMCI-DTA (Yagi et al., 1993) , and pPGKneopA motors, and the presented tissue-specific splicing varia-(kindly provided by T. Noda) as shown in Figure 1A . pPGKneopA was applied in either the reverse or the forward direction, which tion of KIF1B messages suggests a broader range of Meng et al., 1997) primer sets on the GeneAmp thermal cycler (Perkin-Elmer). The neo and in the motility of lytic granules of neutrophils (Burktransgene was amplified using 5Ј-TGGGCACAACAGACAATCGG-3Ј and 5Ј-ACTTCGCCCAATAGCAGCCAG-3Ј. Intronic sequences from hardt et al., 1993), while its involvement in membrane the deleted region of kif5B gene were detected with 5Ј-CCCACACGA exocytosis is still a matter for speculation and it is diffi-TGGAGGTAATGTTTC-3Ј and 5Ј-CCTGGCTGATATAGACAATCTTAT cult to scrutinize in this nonpolarized cell culture. Further examination of various types of cells lacking KIF5B and ongoing conditional targeting of the kif5B gene will pro-
Primary Culture of Extraembryonic Membrane
vide better models for studying the cell biological signifi-
The visceral yolk sacs were separately recovered at 9.5 dpc followcance of kinesin in the post-Golgi secreting pathway.
ing the method of Hogan et al. (1994) . They were then digested with 0.25% trypsin (Difco) and 0.5% collagenase (Wako Pure Chemical) Experimental Procedures at 37ЊC for 15 min, plated on glass coverslips coated with poly-Llysine (Sigma), and prepared for use after 2-4 days culture in DMEM cDNA Cloning of Mouse kif5B Gene and Construction (GIBCO BRL) supplemented with 5% calf serum (Mitsubishi Kasei) of the Expression Vector and 5% horse serum donor herd (GIBCO BRL). Embryonic lysates A 3Ј half clone of kif5B cDNA was screened using a Genetrapper were subjected to the PCR genotyping. kit (GIBCO BRL) from a Superscript library of mouse brain, which was ligated to pCMV-SPORT2 (GIBCO BRL), probed by a biotinylImmunoblotting and Immunofluorescence Microscopy ated oligonucleotide of 5Ј-ATGCAAGCTGAACTGAATCG-3Ј, resPolyclonal anti-KIF5B antibody was produced by the injection of cued by an oligonucleotide 5Ј-GCACAAGCAGTTGGTACGTG-3Ј KIF5B-specific synthetic peptide into rabbits. Detailed characterizacorresponding to GenBank deposit #L27153 and #U86090 (Gudkov tion of this antibody will be published elsewhere (Kanai et al., unpubet al, 1994; Meng et al., 1997) , and checked by a partial sequencing lished data). Immunoblotting and immunocytochemistry were perwith ABI autosequencers 373A and 377 (Perkin-Elmer). Then a 5Ј-formed using standard methods as described previously (Tanaka half clone was amplified using RT-PCR from mouse brain cDNA as et al., 1992) . Briefly, blotted Immobilon membrane (Millipore) was described previously (Fuji Photo Film) . The duplicated filter was stained with Coomassie at 95ЊC for 30 s, 65ЊC for 2 min, 72ЊC for 2 min on a GeneAmp PCR brilliant blue R (Wako Pure Chemical). For immunocytochemistry, system 9600 (Perkin-Elmer), cloned in pBluescriptII SK(ϩ) (Stra-1/100 diluted Cy2-conjugated anti-rabbit antibody (Amersham Life tagene) and sequenced. The same protocol was applied to the mutant cDNA to detect the read-through. The expression vector Science) was applied as a second antibody.
Doublelabeling of Mitochondria and Microtubules
Nycodenz gradients: 1 ml of 60%, 1.5 ml of 50% (the sample), 3 ml Cells on glass coverslips were vitally stained with 330 nM of Mitoof 40%, 2 ml of 30%, 2 ml of 25%, and 1.2 ml of 20%. The tube tracker (Molecular Probes) for 5 min and then fixed with 2% parawas centrifuged on 55000 rpm for 2 hr at 2ЊC with a NVT-65 near formaldehyde (Merck), 0.1% glutaraldehyde (Wako Pure Chemical), vertical ultracentrifugation rotor (Beckman), and eleven ca. 1 ml 10 M taxol (kindly provided by Dr. N. R. Lomax) in PBS at 37ЊC for fractions were collected from the bottom of the gradient. For the 10 min. They were subsequently incubated with 1% saponin (Sigma) embryonic mitochondrial floatation analysis, 70 mouse embryos at in PBS for 10 min, 5% skim milk (Difco) in PBS for 10 min, 1/100 11.5 dpc were prepared as described above, and their washed P2 diluted mouse anti-␣ tubulin antibody DM1A (Sigma) overnight at 4ЊC fraction was resuspended with 10% Nycodenz solution and pelleted and 1/10 diluted fluorescein-labeled goat anti-mouse Ig antibody at 20000 ϫ g for 20 min to reduce contaminating lighter organelles (Amersham life science) with brief washing steps. They were than mitochondria. This washed P2 pellet was resuspended with a mounted on glass slides and observed through a fluorescent micro-50% Nycodenz solution, clarified to remove aggregates, and then scope AX70 (Olympus) or a confocal laser microscope MRC1000 subjected in the following gradient: 200 l of 60%, 1000 l of 50% (Bio Rad). Quantitation of mitochondria and microtubules were per-(the sample), 750 l of 40%, 500 l of 30%, 500 l of 25%, 400 l formed on a Macintosh computer using the public domain software of 20%, and 200 l of 10%. The sample was spun for 3 hr at 100000 NIH Image program (developed at the U. S. National Institutes of rpm with a Beckman TL-100.3 rotor, and 14 fractions of 300 l were Health and available on the Internet at http://rsb.info.nih.gov/ collected from the bottom of the gradient. Equal volumes of these nih-image/). Each pixel of the scanned cells was discriminated into fractions were analyzed with an immunoblotting. For a control, the object or background using a threshold that is 30% from the darkest peroxisomes were labeled with an anti-catalase antibody kindly proin the dynamic range of the photograph. The mitochondrial and total vided by Yukio Fujiki (Tsukamoto et al., 1990) . cell area was represented by the 1/1000 of the variance of all the coordinates of object pixels from the stained images of mitochondria Electronmicroscopy and microtubules, respectively. Nocodazole treatment of the culture Cultured cells and pellets of the subcellular fractionation were fixed was performed basically after Cole et al. (1996) . Briefly, cells were with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M cacoapplied with 5 g/ml of nocodazole (Sigma Chemical) at 4ЊC, subsedylate buffer (pH 7.2), postfixed with 1% OsO4 in cacodylate buffer quently incubated for 18 hr at 37ЊC, and doublestained as described (pH 7.2), and processed for a standard ultrathin section electronmiabove.
croscopy. The ultrathin sections were observed with a JEOL 2000 Ex electronmicroscope.
Plasmid Microinjection
Plasmid microinjection was performed after Graessmann and Graessmann (1994) . The plasmid was diluted to approximately 0.1 Lysosome Labeling g/ml with K-glutamate microinjection buffer (Funakoshi et al., The lysosomal dispersion study was carried out by the protocol 1996), clarified with brief centrifugation using a Beckman TL-100 described by Nakata and . The pH environment of ultracentrifuger, and microinjected into the cell nuclei. They were the medium was adjusted by three kinds of Ringer's solutions as doublelabeled after incubation for 24 hr. As a negative control, fluodescribed, followed by a methanol fixation and immunofluorescence rescein-labeled BSA was prepared according to Okabe and Hiromicroscopy using 1/20 diluted rat anti-LAMP-2 antibody ABL-93 kawa (1991) .
(provided by Developmental Studies Hybridoma Bank, Johns Hopkins University) and 1/50 diluted fluorescein-labeled goat anti-rat
Differential Centrifugation
IgG antibody (Organon Technica). For quantitation, 42, 187, 43, and Differential centrifugation was performed basically as described 336 cells were randomly sampled from control/alkaline, control/ previously (Nangaku et al, 1994; Okada et al., 1995a) . Two wild-type rebound, mutant/alkaline, and mutant/rebound dishes, respectively mouse embryos at 9.5 dpc were dissected out with the extraembryand classified by the criteria of Heuser (1989). onic membranes, and the head regions of these embryos were removed. They were then homogenized with a Dounce homogenizer ER and Golgi Labeling in 300 l of H-S buffer (10 mM HEPES [pH 7.4], 320 mM sucrose, ER labeling was performed after Terasaki et al. (1986) . Cells were 5 mM MgSO 4, 1 mM EGTA, 1 mM DTT, containing protease inhibifixed with 0.1 M sodium cacodylate (pH 7.4), 0.1 M sucrose, 0.25% tors), and pellets were recovered from the differential spins. Oneglutaraldehyde, and then stained with 2.5 g/ml DiOC6(3) (Molecular eighth of each suspended pellet was applied on a lane of 7.5% SDS-PAGE together with 1/32 of the last supernatant, which is desProbes) for 30 s, washed, mounted to a glass slide, and observed ignated as the soluble fraction in order to analyze the KIF5B content through the confocal microscope. Golgi dispersion with BFA was by a semiquantitative immunoblotting (Okada et al., 1995b; Saito et carried out after the protocol of Lippincott- Schwartz et al. ( ). al., 1997 .
BFA (Epicentre Technologies) was added in the culture medium as indicated. Cells were then fixed by 2% paraformaldehyde in PBS Step Density Gradient Centrifugation for 10 min at 37ЊC, incubated in 5% skim milk and 0.2% saponin in Sucrose step density gradient centrifugation was performed after a PBS for 10 min, and stained for Golgi apparatus either by 1/50-standard method (Spector et al., 1998) . Briefly, 0.5 ml of postnuclear diluted mouse monoclonal anti-CTR433 antibody (kindly provided supernatant (PNS) recovered from 14 mouse embryos at 10.5 dpc by M. Bornens) with 1/10 diluted fluorescein-labeled goat antiwas applied on the top of a HEPES-buffered sucrose step density mouse Ig antibody (Amersham life science), or 1/100-diluted rabbit gradient as follows: 0.3 ml of 2.3 M, 1 ml of 1.5 M, and 1.5 ml of 1 polyclonal anti-GM130 antiserum 5-1 (Nakamura et al., 1995) with M, and centrifuged on 55000 rpm (ca. 100000 g) for 30 min at 2ЊC 1/100-diluted fluorescein-conjugated Goat anti-rabbit Ig antibody on a Beckman TL-100 ultracentrifuger. Three hundred microliters (Organon Technica). of 1 M/1.5 M interface and another 300 l of 0.3 M/1 M interface for the mitochondria-rich and miscellaneous membrane organelle
Comparative RT-PCR fractions, respectively, were separately recovered, 3-fold diluted Extraembryonic membranes were recovered from 3 mutant and 14 with H-S buffer, and pelleted down by a 30 min centrifuge on 75000 control embryos from three 9.5 dpc litters produced by intercrossing rpm at 2ЊC. The pellets were then resuspended with 50 l of H-S the heterozygotes. Total RNA was prepared with a QuickPrep Total buffer. The same aliquots of these samples together with PNS were RNA Extraction Kit (Pharmacia Biotech) and reverse transcribed applied on 7.5% and 12.5% SDS-PAGE to be blotted respectively with Superscript II RNase H Ϫ reverse transcriptase (GIBCO-BRL) against rabbit anti-KIF5B antibody and 1/100-diluted mouse antifor 50 min at 42ЊC primed with random hexamers. Resulted cDNA human COX I antibody 1D6-E1-A8 (Molecular Probes), and the blots was diluted with the TE buffer as indicated, and each 1 l aliquot were semiquantitatively analyzed as described above.
was subjected to 50 l-scale PCR with AmpliTaq polymerase (Perkin Elmer) on a GeneAmp PCR system 9600 (Perkin Elmer) with the Mitochondrial Floatation following conditions: ␤-actin was amplified with 5Ј-TCAGAAGGACT For the liver mitochondrial floatation analysis, P2 fraction recovered CCTATGTGG-3Ј and 5Ј-TCTCTTTGATGTCACGCACG-3Ј for 32 cyfrom an adult mouse liver was homogenized in 50% Nycodenz (Nycomed-Amersham) and subjected in the following discontinuous cles (30 s at 94ЊC, 1 min at 55ЊC, 1 min at 72ЊC) after the method
